Introduction {#Sec1}
============

Renal cell carcinoma (RCC) is the second leading cause of death in urologic tumor patients. It is estimated that there were 403,262 new cases of RCC in the world in 2018 \[[@CR1]\]. The incidence and mortality of RCC have been rising worldwide﻿ in the past two decades \[[@CR2]\]. Approximately 25--30% of RCC patients present with advanced stage disease at first diagnosis, and 30% of localized RCC patients will develop recurrence and metastasis after surgical operation \[[@CR3]\]. The 5-year survival rate of advanced stage RCC is extremely low because of resistance to radiation therapy and chemotherapy \[[@CR4]\]. Moreover, few RCC biomarkers have been validated. Hence, it is urgent to elucidate the underlying mechanisms in the pathogenesis of RCC and develop effective therapeutic approaches for RCC.

Circular RNAs (circRNAs), a novel type of noncoding RNA (ncRNA), are covalently linked to make up a circular configuration via a connection with the 5′ and 3′ ends \[[@CR5]\]. There is growing evidence that circRNAs play important roles in the multilevel regulation of gene expression, including alternative splicing, gene transcription, RNA-protein interactions, and protein-encoding ability \[[@CR6]--[@CR8]\]. However, abnormal expression of circRNAs will cause disorder within the internal environment, thus leading to disease onset or worsening and tumor formation \[[@CR9], [@CR10]\]. Emerging studies have suggested that circRNAs are involved in the development of various cancers by regulating various biological processes, including cell growth, differentiation, migration, invasion and apoptosis \[[@CR11]--[@CR13]\]. For instance, circPCNXL2 can promote the proliferation and invasion of RCC cells by regulating the miR-153/ZEB2 axis \[[@CR14]\]. circAGFG1 can facilitate the proliferation, migration and invasion of breast cancer cells in vitro and in vivo by regulating the miR-195-5p/CCNE1 axis \[[@CR15]\]. circRNA circNOL10 facilitates transcription factor sex comb on midleg-like 1 (SCML1) expression by suppressing transcription factor ubiquitination to inhibit the progression of lung cancer \[[@CR16]\]. Several circRNAs were characterized as oncogenes or tumor suppressors in renal RCC \[[@CR11], [@CR17]--[@CR19]\]; however, there are still many circRNAs in RCC, and the roles urgently need to be investigated.

circTLK1 (circbase ID: hsa_circ_0004442), derived from backsplicing the TLK1 mRNA (from exon 9 to exon 10), is located on chromosome 2: 171884848--171,902,872 and is 256 nucleotides (nt) in length. To the best of our knowledge, the function of circTLK1 has not been deeply detected. In this study, we identified that circTLK1 was highly expressed in RCC tissues and positively correlated with distant metastasis and poor prognosis. Silencing of circTLK1 inhibited the proliferation, migration and invasion of RCC cells in vitro and in vivo. Mechanistically, circTLK1 may act as a sponge of miR-136-5p to promote the expression of Chromobox4 (CBX4). Moreover, CBX4 could increase VEGFA expression to facilitate RCC progression. In conclusion, circTLK1 may serve as an oncogene in the progression of RCC and may become an independent prognostic factor for the diagnosis and treatment of RCC.

Methods {#Sec2}
=======

Patient tissue specimens {#Sec3}
------------------------

A total of 60 RCC tissues and matched adjacent normal tissues were obtained from RCC patients who underwent RCC surgery. This study was approved by the ethical committee of Peking University Shenzhen Hospital. All patients agreed that their samples could be utilized in the experimental studies and publication.

Cell lines {#Sec4}
----------

Human RCC lines (ACHN, 786-O, 769-P, A498, Caki1, and Caki2) were obtained from American Type Culture Collection (ATCC), USA. The human renal epithelial cell lines HK2 and 293 T were purchased from Shanghai Institutes for Biological Sciences, China. The human RCC cell lines were grown in RPMI 1640 medium (Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco, South America). The human renal epithelial cell lines were cultured in DMEM (Gibco, Carlsbad, CA, USA) supplemented with 10% FBS. All cells were cultured in a humidified incubator containing 5% CO2 at 37 °C.

RNA extraction and quantitative real-time PCR {#Sec5}
---------------------------------------------

Total RNA from RCC tissues and cell lines was extracted using TRIzol reagent according to the manufacturer's protocol. The nuclear and cytoplasmic fractions were extracted utilizing NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific, USA). For mRNA and circRNA, total RNAs were reversed by using a reverse transcription kit with a gDNA remover (Toyobo, Japan). For miRNA, cDNA was synthesized by using an All-in-One miRNA Reverse Transcription Kit (GeneCopoeia, Guangzhou, China). Quantification of mRNA and circular RNA was detected by using SYBR Green Real-time PCR Master Mix (Toyobo, Osaka, Japan), and the reactions were performed on a Roche LightCycler® 480II PCR instrument (Basel, Switzerland). GAPDH or U6 was utilized as an internal standard control. The relative RNA expression levels were calculated by the 2^--ΔΔCT^ method. The specific primers used are listed in Additional file [1](#MOESM1){ref-type="media"}: Table S1.

RNase R treatment {#Sec6}
-----------------

RNase R treatment was incubated at 37 °C with 3 U/mg of RNase R (Epicenter, WI, USA) for 30 min in accordance with the manufacturer's protocol. qRT-PCR was performed to assess the stability of circTLK1 and TLK1 mRNA.

Cell transfection {#Sec7}
-----------------

Short hairpin RNA (shRNA) targeting circTLK1 or CBX4 was obtained from GenePharma (Suzhou, China). pcDNA3.1-circTLK1, pcDNA-3.1-TLK1 and pcDNA3.1-CBX4 were ordered from GenePharma (Suzhou, China). The miR-136-5p mimic and inhibitor were designed and synthesized by RiboBio (Guangzhou, China). The effects of silencing and overexpression were monitored by RT-PCR. Both oligonucleotides and plasmids were transfected into the RCC cell lines using Lipofectamine 3000 (Invitrogen, USA) according to the manufacturer's instructions. The sequences of the shRNAs were as follows: shcircTLK1--1: GGACATCTCAAAAAGGCAACA; shcircTLK1--2: CTCAAAAAGGCAACAAGAATG; shTLK1--1: GCAAACCTCCCACAGCTAATA; shTLK1--2: GGATTTCTATCTGAAGCAACA; shCBX4: GATCCGGATGAACCCATAGACTTGTTCAAGAGACAAGTCTATGGGTTCATCCTT TTTTACGCGTG.

Cell proliferation assay {#Sec8}
------------------------

A CCK-8 assay and a colony-formation assay were used to measure the proliferation of RCC cells. For the CCK-8 assay, the transfected cells were seeded in a 96-well plate for 12 h. The absorbance in each well was measured using a microplate reader (Bio-Rad, USA) at 0, 24, 48 and 72 h. For the colony-formation assay, the transfected RCC cells were cultured in 6-well plates at a density of 1000 cells per well and incubated for 2--3 weeks. Finally, the cells were stained with 0.1% crystal violet and imaged. The stained cells were washed with 33% glacial acetic acid. The absorbance in each well was measured at 550 nm using a microplate reader.

Cell migration and invasion assays {#Sec9}
----------------------------------

The migration ability of RCC cells was tested by a wound healing assay and a transwell assay. For the wound healing assay, the transfected cells were seeded in a 6-well plate and grown to 100% confluence. A yellow pipette tip was used to create a clear wound in the cell layer. Images were taken from an optical microscope system at 0 h and 36 h. For the transwell migration assay, the transfected cells were seeded in the upper chambers with 100 μl of serum-free medium, and the lower chamber was filled with medium with 10% FBS. After incubation for 24 h, the cells remaining on the bottom surface of the upper chamber were stained with 0.1% crystal violet solution for 30 min and imaged. The experimental procedure of the transwell invasion assay is similar to that of the transwell migration assay. However, the upper chambers were coated with Matrigel (BD Biosciences, NJ, USA).

Fluorescence in situ hybridization (FISH) {#Sec10}
-----------------------------------------

The fluorescence in situ hybridization assay was conducted to investigate the distribution of circTLK1 in RCC cells by using a Fluorescence in Situ Hybridization Kit (RiboBio, Guangzhou, China). The Cy3-labeled circTLK1 probe was obtained from RiboBio (Guangzhou, China). The Cy3-labeled circTLK1 FISH probe was designated lnc1101096. Images were obtained using a fluorescence microscope.

Biotin-coupled probe RNA pull-down assay {#Sec11}
----------------------------------------

Biotin-coupled circTLK1 and a negative control probe were designed and synthesized by RiboBio (Guangzhou, China). The sequence of the biotin-coupled circTLK1 probe was CCATTCTTGTTGCCTTTTTG. The sequence of the negative control probe was TTTGCTTGTCTTTTCCCTGA. RCC cells overexpressing circTLK1 were lysed and mixed with a specific circTLK1 probe at 4 °C overnight. The biotin-coupled RNA complex was pulled down by incubating the streptavidin-coated magnetic beads with the cell lysates. The pull-down product was mixed with C-1 magnetic beads (Life Technologies) at 4 °C for 3 h and then washed with wash buffer. The magnetic breads were incubated with proteinase K and lysis buffer to break the formaldehyde cross-links. Finally, the bound RNAs were extracted by using TRIzol for the analysis.

Luciferase reporter assay {#Sec12}
-------------------------

The reporter plasmids (MT06-Firefly_Luciferase-Renilla_Luciferase containing circTLK1 wild-type sequence or mutant sequence and MT06-Firefly_Luciferase-Renilla_Luciferase containing the CBX4 wild-type sequence or mutant sequence) were synthesized by GeneCopoeia (Guangzhou, China). Then, the reporter plasmid and miR-136-5p mimic were cotransfected into RCC cells. The luciferase activities in the transfected cells were measured by using a Dual-Luciferase Reporter Assay System (Promega, WI, USA) after 48 h.

Western blotting analysis {#Sec13}
-------------------------

The protein was extracted from cells using RIPA lysis buffer (Beyotime, China) and quantified using a BCA protein assay kit (Thermo Scientific, USA). Equal amounts of protein were separated by SDS-PAGE gels and transferred onto 0.45 μm PVDF membranes at 330 mA for 70 min. The membranes were blocked by 5% skim milk powder and incubated with a primary antibody at 4 °C overnight, followed by a secondary antibody. Finally, the blots were measured by an enhanced chemiluminescence kit (Millipore, Billerica, USA), and images were obtained by using a BioSpectrum 600 Imaging System (UVP, CA, USA).

Immunofluorescence and immunohistochemistry {#Sec14}
-------------------------------------------

For immunofluorescence, the transfected cells were seeded on glass coverslips for 24 h and then incubated with primary antibodies against E-cadherin/N-cadherin/vimentin (Cell Signaling Technology, USA) at 4 °C overnight. Cell nuclei were counterstained with 2 μg/ml Hoechst for 5 min. Images were captured with a microscope using 20x objectives. For immunohistochemistry, paraffin sections were incubated with primary antibodies against Ki67, CBX4 and VEGFA (Cell Signaling Technology, USA) at 4 °C overnight and then stained with diaminoaniline (DAB).

Xenografts in mice {#Sec15}
------------------

The in vivo assay was approved by the animal management committee of Peking University Shenzhen Hospital, and all experimental procedures and animal care were in accordance with the institutional ethics guidelines for animal experiments. For the in vivo tumor formation assay, 10 5-week-old BALB/c nude mice were randomly assigned into the NC group and shRNA-circTLK1 group. Approximately 5× 10^6^ 769-P cells (sh-circTLK1 or shNC) were injected into the backs of nude mice. For rescue experiments in vivo, approximately 1× 10^7^ 769-P cells (sh-circTLK1, shNC or shcircTLK1 + CBX4) were injected into the backs of nude mice. The volume of all xenograft tumors was measured every week by digital calipers. Forty-two days after the injection, the nude mice were sacrificed, and the xenograft tumors were weighed. To create the nude mouse metastasis model, 5-week-old BALB/c nude mice were randomly assigned to the NC group and the shRNA-circTLK1 group. Approximately 2× 10^6^ 769-P cells expressing shcircTLK1 or shNC were injected into the tail veins of nude mice. After 2 months, the nude mice were sacrificed, and the lung metastasis nodules were evaluated by a pathologist. Finally, the lung tissues were removed for hematoxylin-eosin (HE) staining.

Statistical analysis {#Sec16}
--------------------

The experimental data were analyzed using GraphPad Prism and SPSS 20.0 (IBM, SPSS, Chicago, IL, USA). The differences between groups were analyzed by using Student's t-test or ANOVA. The Kaplan-Meier method and log-rank test were used to assess the overall survival and disease-free survival curves. Pearson correlation analysis was used to analyze the correlations between groups. A *P* value \< 0.05 was considered statistically significant.

Results {#Sec17}
=======

circTLK1 is overexpressed in RCC tissues and expression is significantly correlated with poor prognosis {#Sec18}
-------------------------------------------------------------------------------------------------------

To explore the expression profiles of circRNA in RCC, we utilized RNA-seq in normal kidney epithelial cells (293-T) and RCC cells (ACHN, 786-O, 769-P) and discovered that 7335 circRNAs were differentially expressed between normal kidney epithelial cells and RCC cells, among which 1919 circRNAs were upregulated while 5416 circRNAs were downregulated. Ten of the most increased circRNAs are displayed in the heatmap (Fig. [1](#Fig1){ref-type="fig"}a). circTLK1 (hsa_circ_0004442) is the most upregulated circRNA among all candidates in 60 pairs of RCC tissue samples (Additional file [2](#MOESM2){ref-type="media"}: Fig. S1 a-f). In addition, we investigated the expression of circTLK1 in RCC cells and normal kidney epithelial cells. The data showed that circTLK1 expression in ACHN, 786-O and 769-P cells was significantly higher than the expression in HK2 and 293 T cells (Fig. [1](#Fig1){ref-type="fig"}b). CircTLK1 was not only overexpressed in RCC tissues (Fig. [1](#Fig1){ref-type="fig"}c) but also highly expressed in RCC patients with postsurgical metastasis (Fig. [1](#Fig1){ref-type="fig"}d). In addition, compared to low circTLK1 expression, high circTLK1 expression in RCC patients was negatively associated with a lower overall survival rate (Fig. [1](#Fig1){ref-type="fig"}e) and a lower disease-free survival rate (Fig. [1](#Fig1){ref-type="fig"}f), suggesting that circTLK1 might be a prognostic tumor marker. circTLK1 was derived from exons 9 and 10 of TLK1 and formed a 247 nt circular transcript according to the CircBase database (<http://www.circbase.org/>) (Fig. [1](#Fig1){ref-type="fig"}g). Further sequence analysis showed that circTLK1 was 247 nt long and contained two exons. Moreover, we found that head-to-tail splicing occurred in the exons from TLK1 by using a divergent primer in cDNA samples and Sanger sequencing (Fig. [1](#Fig1){ref-type="fig"}h). The stability of circTLK1 was detected, and the results revealed that RNase R failed to digest circTLK1, but the mRNA expression of TLK1 decreased dramatically after RNase R treatment (Fig. [1](#Fig1){ref-type="fig"}i). Fig. 1circTLK1 is overexpressed in RCC tissues and expression is significantly correlated with poor prognosis. **a** The cluster heat maps show the 10 most increased circRNAs between 293T cells and ACHN, 786-O, and 769-P cells. **b** Relative expression of circTLK1 in RCC cell lines compared to expression in 293T cells. **c** circTLK1 expression in RCC tissues was increased compared to expression in matched normal tissues. **d** circTLK1 expression in RCC patients with no metastasis and distant metastasis. **e** and **f** Kaplan-Meier analysis of the overall survival and disease-free survival of RCC patients with high and low expression of circTLK1. **g** Schematic illustration showing the production of circTLK1 through the circularization of exons 9 and 10 in TLK1. **h** circTLK1 was detected by RT-PCR, and its sequence was proven by Sanger sequencing. The black arrow displays the special splicing junction of circTLK1. **i** Relative expression of circTLK1 and TLK1 in ACHN cells was measured by a qRT-PCR assay upon RNase R treatment. \**p* \< 0.05, \*\**p* \< 0.01

Compared with HK2, TLK1 expression was significantly downregulated in ACHN, 786-O and 769-P cells (Additional file [3](#MOESM3){ref-type="media"}: Fig. S2a). To investigate the function of TLK1 in RCC cells, TLK1 overexpression plasmids or shRNAs targeting TLK1 were transfected into RCC cells. The mRNA and protein expression of TLK1 were significantly increased in RCC cells transfected with pcDNA3.1-TLK1 (Additional file [3](#MOESM3){ref-type="media"}: Fig. S2b, c). However, overexpression of TLK1 could not modulate the expression of circTLK1 (Additional file [3](#MOESM3){ref-type="media"}: Fig. S2d). The mRNA and protein expression levels of TLK1 were significantly decreased in RCC cells transfected with shTLK1 (Additional file [3](#MOESM3){ref-type="media"}: Fig. S2e, f). Suppression of TLK1 did not modulate the expression of circTLK1 (Additional file [3](#MOESM3){ref-type="media"}: Fig. S2g). In addition, the results of the CCK-8 and colony-formation assays revealed that forced expression of TLK1 inhibited cell proliferation in the ACHN and 786-O cell lines (Additional file [4](#MOESM4){ref-type="media"}: Fig. S3a-d). However, wound healing and transwell invasion assays demonstrated that forced expression of TLK1 could not affect cell mobility and invasion in the ACHN and 786-O cell lines (Additional file [4](#MOESM4){ref-type="media"}: Fig. S3e-h).

circTLK1 knockdown represses RCC cell proliferation {#Sec19}
---------------------------------------------------

To identify the pathological function of circTLK1 in RCC, we synthesized a shRNA plasmid vector specifically targeting circTLK1 and found that the shRNA vector stably inhibited the expression of circTLK1 in three RCC cell lines (Fig. [2](#Fig2){ref-type="fig"}a). Among the shRNAs, shRNA-2 had the best knockdown efficiency. However, suppression of circTLK1 did not change the mRNA (Fig. [2](#Fig2){ref-type="fig"}b) and protein (Fig. [2](#Fig2){ref-type="fig"}c) expression of TLK1. Fig. 2circTLK1 knockdown inhibits RCC cell proliferation. **a** qRT-PCR assay was conducted to verify the expression of circTLK1 in RCC cells transfected with two independent shRNAs targeting circTLK1. **b** and **c** The mRNA and protein expression of TLK1 after transfection with shRNA targeting circTLK1. **d** The growth curves of RCC cells transfected with shcircTLK1 were detected by using a CCK-8 assay. **e** and **f** Colony-formation assay was performed to evaluate the proliferation of RCC cells after circTLK1 silencing. \**p* \< 0.05, \*\**p* \< 0.01, no significant (NS)

We then investigated the effect of circTLK1 on RCC cell proliferation. A CCK-8 assay demonstrated that knockdown of circTLK1 slowed the growth of RCC cells (Fig. [2](#Fig2){ref-type="fig"}d). Colony formation assays showed that the colony numbers were obviously reduced after circTLK1 silencing (Fig. [2](#Fig2){ref-type="fig"}e, f).

circTLK1 knockdown inhibits the migration and invasion of RCC cells {#Sec20}
-------------------------------------------------------------------

Then, wound healing and transwell assays were performed to detect the effects of circTLK1 on the migration and invasion of RCC cells. Our results showed that the migration ability of RCC cells was significantly decreased by circTLK1 downregulation (Fig. [3](#Fig3){ref-type="fig"}a-c). In addition, circTLK1 knockdown suppressed RCC cell invasion (Fig. [4](#Fig4){ref-type="fig"}d). Based on the role of circTLK1 in the migration and invasion of RCC cells, we suspected that circTLK1 can mediate the epithelial-mesenchymal transition (EMT) process of RCC cells. As shown in Fig. [3](#Fig3){ref-type="fig"}e, expression of the mesenchymal markers N-cadherin and vimentin was significantly decreased in circTLK1-silenced cells, while expression of the epithelial marker E-cadherin was increased in circTLK1-suppressed cells. The results of the immunofluorescence assay also confirmed that knockdown of circTLK1 increased expression of E-cadherin and inhibited expression of N-cadherin and vimentin (Additional file [4](#MOESM4){ref-type="media"}: Fig. S3 a-c). Fig. 3circTLK1 knockdown inhibits the migration and invasion of RCC cells. **a** and **b** circTLK1 functions in RCC cell migration as detected with a wound healing assay. **c** circTLK1 functions in RCC cell motility as detected with a transwell assay. **d** circTLK1 functions in RCC cell invasion as detected with a transwell assay. **e** Western blot analysis of the expression of EMT-related proteins (E-cadherin, N-cadherin, and Vimentin) after transfection with shcircTLK1. \**p* \< 0.05, \*\**p* \< 0.01Fig. 4circTLK1 acts as a sponge for miR-136-5p in RCC cells. **a** and **b** circTLK1 is mainly located in the cytoplasm of ACHN. **c** circTLK1 in ACHN cells was pulled down by a circTLK1-specific probe and detected by a qRT-PCR assay. **d** miR-136-5p was pulled down by using a circTLK1-specific probe. **e** Schematic illustration of circTLK1-WT and circTLK1-Mut luciferase reporter vectors. **f** Relative luciferase activities were investigated in RCC cells after transfection with circTLK1-WT or circTLK1-Mut and miR-136-5p mimic or miR-NC. **g** and **h** The expression level of miR-136-5p was evaluated by performing a qRT-PCR assay in RCC cells transfected with circTLK1 vector or shcircTLK1. **i** and **j** circTLK1 expression in RCC cells transfected with a miR-136-5p mimic or a miR-136-5p inhibitor. \**p* \< 0.05, \*\**p* \< 0.01, no significant (NS)

circTLK1 functions as a miR-136-5p sponge {#Sec21}
-----------------------------------------

To elucidate the molecular mechanism underlying circTLK1, we performed FISH and nuclear mass separation assays to detect the subcellular localization of circTL1K. As shown in Fig. [4](#Fig4){ref-type="fig"}a, b, we found that circTLK1 was predominantly located in the cytoplasm, indicating that circTLK1 may act as a ceRNA to capture miRNAs, leading to the release of specific miRNA-targeted transcripts. To investigate this hypothesis, we predicted the potential targets of circTLK1 by using the Circular RNA Interactome database (<https://circinteractome.nia.nih.gov/>). Five potential binding miRNAs were selected, including miR-136-5p, miR-421, miR-659, miR-660-5p and miR-944. Then, an RNA pull-down assay was carried out to evaluate whether circTLK1 could directly capture these candidate miRNAs. The biotinylated circTLK1 probe significantly pulled down circTLK1 in RCC cells upon circTLK1 overexpression (Fig. [4](#Fig4){ref-type="fig"}c). Our results showed that miR-136-5p was the only miRNA that was abundantly pulled down by the biotinylated circTLK1 probe in RCC cells (Fig. [4](#Fig4){ref-type="fig"}d). In addition, we constructed wild-type (WT) and mutant (Mut) circTLK1 luciferase reporters to detect the role of miR-136-5p in the regulation of circTLK1 activity. After transfection, we observed that overexpression of miR-136-5p significantly inhibited WT circTLK1 luciferase reporter activity but not Mut circTLK1 luciferase reporter activity (Fig. [4](#Fig4){ref-type="fig"}e, f). However, overexpression or knockdown of circTLK1 had no effects on the expression of miR-136-5p in RCC cells (Fig. [4](#Fig4){ref-type="fig"}g, h). Moreover, overexpression or knockdown of miR-136-5p did not modulate circTLK1 expression in RCC cells (Fig. [4](#Fig4){ref-type="fig"}i, j). All these experiments revealed that circTLK1 functioned as a sponge for miR-136-5p.

miR-136-5p promotes RCC progression by targeting CBX4 {#Sec22}
-----------------------------------------------------

Based on the interaction between circTLK1 and miR-136-5p, we explored the potential roles of miR-136-5p in RCC. A previous study indicated that miR-136-5p acted as a tumor suppressor in the progression of RCC, inhibiting the proliferation, migration and invasion of RCC cells \[[@CR20]\]. Furthermore, miRNAs can regulate the expression of their target mRNA by binding to the 3'UTR of the mRNA. To identify the potential genes of miR-136-5p, we conducted bioinformatics analysis by using the TargetScan, miRDB, Starbase and miRTarBase databases and selected CBX4, GNAS, LUZP6, MSL2, MTMR4 and SOCS7 as the potential targets of miR-136-5p (Fig. [5](#Fig5){ref-type="fig"}a). Further comprehensive transcriptional analysis with our dataset demonstrated that miR-136-5p expression was negatively correlated with CBX4 expression (Fig. [5](#Fig5){ref-type="fig"}b). To investigate whether CBX4 was a possible target of miR-136-5p, a WT or Mut sequence of the 3'UTR of CBX4 containing the miR-136-5p-binding sequence was employed to synthesize a luciferase reporter plasmid (Fig. [5](#Fig5){ref-type="fig"}c). The results of luciferase reporter analysis showed that cotransfection of a miR-136-5p mimic and a CBX4 WT plasmid strongly decreased the luciferase activity. However, cotransfection of a miR-136-5p mimic and a CBX4 Mut plasmid did not change the luciferase activity (Fig. [5](#Fig5){ref-type="fig"}d). Moreover, forced expression of miR-136-5p inhibited the mRNA and protein expression of CBX4 (Fig. [5](#Fig5){ref-type="fig"}e-g). Next, we detected the role of CBX4 in the progression of RCC. As shown in Fig. [5](#Fig5){ref-type="fig"}h, CBX4 expression in RCC tissues was upregulated compared to that in normal tissues. We found that CBX4 expression was positively correlated with tumor size and postoperative metastasis (Fig. [5](#Fig5){ref-type="fig"}i, j). In addition, high expression of CBX4 in RCC patients was associated with a lower overall survival rate than low expression of CBX4 (Fig. [5](#Fig5){ref-type="fig"}k). Fig. 5CBX4 is a direct target of miR-136-5p. **a** Schematic illustration exhibiting the overlap between the target mRNAs and miR-136-5p as predicted by TargetScan, miRDB, Starbase and miRTarBase. **b** Comprehensive transcriptional analysis indicated that miR-136-5p expression was negatively correlated with CBX4 expression in RCC tissues. **c** Schematic illustration of CBX4-WT and CBX4 Mut luciferase reporter vectors. **d** Relative luciferase activities were measured in RCC cells after transfection with CBX4-WT or CBX4 Mut and a miR-136-5p mimic or miR-NC. **e** CBX4 mRNA expression was evaluated by performing qRT-PCR assays in RCC cells transfected with a miR-136-5p mimic. **f** and **g** CBX4 protein expression was detected by performing western blot and immunofluorescence assays in RCC cells transfected with a miR-136-5p mimic. **h** CBX4 expression was increased in RCC tissues compared to matched normal tissues. **i** CBX4 expression in RCC patients with different tumor sizes. **j** CBX4 expression in RCC patients with no metastasis or distant metastasis. **k** Kaplan-Meier analysis of the overall survival of RCC patients with high and low expression of CBX4. \**p* \< 0.05, \*\**p* \< 0.01, no significant (NS)

CBX4 knockdown inhibits the proliferation, migration and invasion of RCC cells {#Sec23}
------------------------------------------------------------------------------

We next investigated the roles of CBX4 in RCC cell phenotypes. Using shRNA targeting circTLK1, we effectively repressed its expression in ACHN and 769-P cells (Fig. [6](#Fig6){ref-type="fig"}a). Through a CCK-8 assay, we discovered that silencing CBX4 significantly suppressed the proliferation of ACHN and 769-P cells (Fig. [6](#Fig6){ref-type="fig"}b, c). The colony-formation assay also illustrated that knockdown of CBX4 greatly impaired the proliferation ability of RCC cells (Fig. [6](#Fig6){ref-type="fig"}d, e). Further experiments showed that silencing CBX4 significantly inhibited the migration and invasion of ACHN and 769-P cells (Fig. [6](#Fig6){ref-type="fig"}f-i). Moreover, we identified that the CBX4 mRNA level was positively correlated with the VEGFA mRNA level in The Cancer Genome Atlas (TCGA) database and our dataset (Fig. [6](#Fig6){ref-type="fig"}j). CBX4 knockdown inhibited the mRNA and protein levels of VEGFA (Fig. [6](#Fig6){ref-type="fig"}k). Fig. 6CBX4 knockdown inhibits the proliferation, migration and invasion of RCC cells. **a** qRT-PCR assay was conducted to verify the expression of CBX4 in RCC cells transfected with shRNA targeting CBX4. **b** and **c** The growth curves of RCC cells transfected with shCBX4 were detected by using a CCK-8 assay. **d** and **e** Colony-formation assays were performed to measure the proliferation of RCC cells after CBX4 silencing. **f** and **g** Cell migration was examined in RCC cells transfected with shCBX4 or shNC by a wound healing assay. **h** and **i** Cell invasion was detected in RCC cells transfected with shCBX4 or shNC by a transwell assay. **j** Comprehensive transcriptional analysis indicated that CBX4 expression was significantly positively correlated with VEGFA expression in RCC tissues. **k** Knockdown of CBX4 suppressed the mRNA and protein expression of VEGFA. \**p* \< 0.05, \*\**p* \< 0.01

CBX4 overexpression reverses the inhibitory effect of circTLK1 suppression on cell proliferation and metastasis {#Sec24}
---------------------------------------------------------------------------------------------------------------

To explore whether circTLK1 exerts its biological function by regulating CBX4 expression, a rescue assay between circTLK1 and CBX4 was performed. We found that knockdown of circTLK1 obviously inhibited the mRNA and protein expression of CBX4 (Fig. [7](#Fig7){ref-type="fig"}a, b). A CCK-8 assay revealed that CBX4 overexpression significantly reversed the circTLK1 suppression-induced growth curve inhibition in ACHN and 769-P cells (Fig. [7](#Fig7){ref-type="fig"}c). Colony formation assays showed that forced expression of CBX4 reversed the circTLK1 silencing-induced cell proliferation inhibition (Fig. [7](#Fig7){ref-type="fig"}d, e). In addition, CBX4 upregulation significantly reversed the cell migration (Fig. [7](#Fig7){ref-type="fig"}f-i) and invasion (Fig. [7](#Fig7){ref-type="fig"}j, k) suppression of RCC cells induced by circTLK1 silencing. Fig. 7CBX4 overexpression reverses the shcircTLK1-induced decrease in cell proliferation, migration and invasion in RCC cells. **a** and **b** Knockdown of circTLK1 inhibited the mRNA and protein expression of CBX4. **c**-**e** Overexpression of CBX4 reversed circTLK1 silencing-induced cell proliferation inhibition. **f**-**i** Overexpressing CBX4 significantly reversed circTLK1 silencing-induced cell migration suppression. **j** and **k** Augmented expression of CBX4 significantly reversed circTLK1 silencing-induced cell invasion inhibition. \**p* \< 0.05, \*\**p* \< 0.01

circTLK1 knockdown inhibits the growth and metastasis of RCC cells in vivo {#Sec25}
--------------------------------------------------------------------------

To investigate the role of circTLK1 in the growth and lung metastasis of RCC in vivo, stable 769-P cells transfected with shcircTLK1 or shNC were injected into nude mice to establish a xenograft tumor and a lung metastasis nude mouse model. In the xenograft tumor model, the tumors derived from cells transfected with shcircTLK1 were smaller than those derived from cells transfected with shNC (Fig. [8](#Fig8){ref-type="fig"}a). Knockdown of circTLK1 significantly suppressed the tumor volume and weight (Fig. [8](#Fig8){ref-type="fig"}b-c). Furthermore, knockdown of circTLK1 inhibited the mRNA expression of CBX4 and VEGFA in vivo (Fig. [8](#Fig8){ref-type="fig"}d). IHC assays suggested that decreased expression of circTLK1 inhibited the expression of Ki67, CBX4 and VEGFA (Fig. [8](#Fig8){ref-type="fig"}e). In the lung metastasis nude mouse model, suppression of circTLK1 led to a notable decrease in metastasis in the lungs (Fig. [8](#Fig8){ref-type="fig"}f-g). Further, HE staining revealed fewer lung tumor foci in the shcircTLK1 group than in the shNC group (Fig. [8](#Fig8){ref-type="fig"}h). Moreover, the xenograft tumor model showed that overexpression of CBX4 reversed circTLK1 silencing-induced cell growth inhibition (Fig. [8](#Fig8){ref-type="fig"}i-k). This in vivo study demonstrated that circTLK1 may play an important role in promoting the growth and metastasis of RCC in vivo. In general, we illustrated that circTLK1 contributed to RCC growth and metastasis by sponging miR-513a-5p to modulate CBX4 expression (Fig. [8](#Fig8){ref-type="fig"}l). Fig. 8circTLK1 knockdown inhibits tumorigenesis and lung metastasis of RCC cells in vivo. **a** Xenograft tumor models showed that tumors grown from the shcircTLK1 group were smaller than those grown from the shNC group (*n*=5). **b** and **c** Compared with the shNC group, the shcircTLK1 group had tumors with significantly decreased volume and weight. **d** Knockdown of circTLK1 inhibited the mRNA expression of CBX4 and VEGFA in vivo. **e** An IHC assay was performed to evaluate the protein expression of Ki67, CBX4 and VEGFA. **f** Representative images of the mouse lungs after transplantation for 8 weeks. **g** The number of lung metastases in each group. **h** HE staining of metastatic nodules of the lungs. **i**-**k** Xenograft tumor model showed that forced expression of CBX4 reversed the cell growth inhibition induced by silencing circTLK1. **l** Schematic diagram displaying the mechanism underlying circTLK1 as a ceRNA for miR-136-5p. \**p* \< 0.05, \*\**p* \< 0.01
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High-throughput sequencing has demonstrated that only 2% of the whole human genome can be translated into proteins, while the remaining 98% can be transcribed into only noncoding RNAs that do not have coding potential \[[@CR21]\]. Noncoding RNAs are classified as miRNAs, small nuclear RNAs (snRNAs), lncRNAs (long noncoding RNAs) and circRNAs. There is no doubt that lncRNAs and circRNAs have attracted increasing attention in cancer research \[[@CR22]--[@CR24]\]. LncRNAs are generally described as RNA transcripts of more than 200 nt in length without protein-coding potential. LncRNAs are transcribed by RNA polymerase II, owing to a 5′-cap and 3′-polyA tail \[[@CR25]\]. LncRNAs localized in the nucleus are involved in chromatin interactions, RNA processing and transcriptional regulation, while cytoplasmic lncRNAs serve as "miRNA sponges" to reverse the negative effects of miRNAs on their target genes. Moreover, lncRNAs exert their biological functions during cellular processes, including acting as transcriptional regulators, miRNA sponges, molecular bait and protein complex scaffolds \[[@CR26], [@CR27]\]. Another novel type of noncoding RNA is circRNA, which is created by a noncanonical splicing process named backsplicing and is transcribed by RNA polymerase II. Unlike linear RNAs, circRNAs are covalently linked to make closed circular transcripts via a connection between the 5′ and 3′ ends \[[@CR28]\]. Hence, circRNAs lack a 5′-cap and 3′-polyA tail, which makes them resistant to RNase R treatment. CircRNAs exert their biological functions during cellular processes, including acting as miRNA and protein sponges and modulating parental gene transcription and protein translation \[[@CR29], [@CR30]\].

In recent years, with the development of RNA sequencing (RNA-seq) and circRNA-specific bioinformatics technology, circRNAs have been found to be expressed at low levels and display cell-type specific, tissue-specific and organism-specific patterns. Accumulating evidence has revealed that circRNAs are involved in the occurrence and progression of various diseases, including neurological disorders, cardiovascular system diseases, osteoarthritis and cancers \[[@CR31]--[@CR34]\]. In particular, circRNAs play important roles in tumor initiation, growth and metastasis. A previous study suggested that circRNAs could regulate the malignant phenotype of RCC by serving as endogenous competitive RNAs in the development of RCC. For example, circAKT3 suppresses the metastasis of clear cell RCC by modulating miR-296-3p/E-cadherin signals. Further, circPCNXL2 can facilitate the proliferation and invasion of RCC cells by modulating the miR-153/ZEB2 axis. Finally, circRNAZNF609 sponges miR-138-5p to promote the proliferation and invasion of RCC cells by increasing FOXP4 expression. However, the function and mechanism of circRNAs in RCC are still mysterious.

In this study, we performed RNA-seq to obtain the expression profiles of circRNAs in RCC cells and 293 T cells. Subsequently, we identified a novel circRNA termed circTLK1 that was significantly upregulated in RCC tissues and positively correlated with distant metastasis and poor prognosis. circTLK1 is derived from exons 9 and 10 of its host gene TLK1, which is a known kinase in prostate cancer and may regulate DNA repair, replication and chromosome segregation \[[@CR35], [@CR36]\]. Silencing of circTLK1 had no effects on the mRNA and protein expression of TLK1, indicating that circTLK1 does not encode a protein. In addition, overexpression or knockdown of TLK1 could not modulate the expression of TLK1. Further experiments showed that knockdown of circTLK1 suppressed the proliferation and metastatic abilities of RCC cells in vitro and in vivo. These results suggest that circTLK1 plays an important role in the pathogenesis and development of RCC.

The ceRNA hypothesis states that RNA transcripts, including lncRNAs, circRNAs, pseudogene transcripts and mRNAs, could regulate the expression of target genes by interacting with miRNAs \[[@CR37]--[@CR39]\]. They usually competitively bind to miRNA response elements (MREs) to regulate mRNA expression, building a complex posttranscriptional regulatory network \[[@CR40]\]. A growing body of evidence suggests that some circRNAs can act as miRNA sponges to modulate miRNA target gene expression in various cancers. For example, it was reported that circPRMT5 promoted the EMT process in bladder cancer by acting as a sponge for miR-30c to regulate the expression of E-cadherin and snail \[[@CR41]\]. In addition, circMTO1 inhibits the proliferation of hepatocellular carcinoma by sponging miR-9 as a ceRNA and reverses its inhibition of p21, its target gene \[[@CR42]\]. Moreover, circSLC8A1 functions as a sponge for miR-130b and miR-494 to suppress proliferation, migration and invasion of bladder cancer cells \[[@CR43]\]. In our study, FISH and nuclear mass separation assays showed that circTLK1 was mainly located in the cytoplasm of RCC cells. RNA pull-down and dual-luciferase reporter assays confirmed that circTLK1 could directly bind to miR-136-5p. In addition, overexpression or knockdown of circTLK1 could not modulate miR-136-5p expression in RCC cells, suggesting that circTLK1 functions as a "miRNA sponge" of miR-136-5p. As a competing endogenous RNA, circTLK1 could not affect the total expression of miR-136-5p but could affect only the unbound form of miR-136-5p. That is, circTLK1 fails to degrade miR-136-5p at the posttranscriptional level. CDR1a, a well-known circRNA, contains 63 conserved binding sites for miR-7. CDR1a can directly sponge miR-7 with its MREs and suppress the activity of miR-7. However, CDR1a could not regulate the total expression of miR-7 \[[@CR44]\]. It has been reported that miR-136-5p is significantly downregulated in RCC tissues. Forced expression of miR-136-5p significantly inhibited cell proliferation, migration and invasion and induced apoptosis of RCC cells \[[@CR20]\]. miR-136-5p is also expressed at low levels and acts as a tumor suppressor in the progression of other cancers, including gallbladder and ovarian cancer \[[@CR45], [@CR46]\]. Our data suggested that circTLK1 acted as an oncogene by acting as a sponge in RCC and revealed the relationship between circTLK1 and miR-136-5p during the tumorigenesis and progression of RCC.

Based on the ceRNA hypothesis, circRNA could serve as a ceRNA to regulate the expression of miRNA target genes. Bioinformatics analysis revealed that CBX4 was a potential target of miR-136-5p. Further dual-luciferase reporter assays demonstrated that miR-136-5p directly bound to the 3'UTR of CBX4. Moreover, overexpression of miR-136-5p obviously inhibited the mRNA and protein expression of CBX4. CBX4 (also called polycomb 2, Pc2), a small ubiquitin-related modifier (SUMO) E3 ligase, can facilitate the sumoylation of other proteins involved in ﻿tumorigenesis, such as the DNA methyltransferase Dnmt3a and BMI1 \[[@CR47], [@CR48]\]. In hepatocellular carcinoma, upregulation of CBX4 is positively correlated with histological grade, tumor-node-metastasis stage and distant metastasis \[[@CR49]\]. Mechanistically, CBX4 can increase VEGFA expression and angiogenesis in HCC cells by promoting the sumoylation of HIF-1a \[[@CR50]\]. In breast cancer, CBX4 promotes cell growth and metastasis in vitro and in vivo by regulating the miR-137/Notch1 signaling pathway \[[@CR51]\]. In our study, we found that CBX4 was upregulated in RCC tissues and positively correlated with tumor size, distant metastasis and poor prognosis. Knockdown of CBX4 suppressed the proliferation, migration and invasion of RCC cells. Consistent with the results of previous studies, decreased CBX4 expression inhibited VEGFA mRNA and protein expression. To validate the crosstalk between circTLK1 and CBX4, we discovered that attenuated circTLK1 expression could decrease CBX4 at both the mRNA and protein levels. Furthermore, upregulation of CBX4 abolished the inhibitory effect of circTLK1 suppression on cell proliferation and metastasis, which might support our hypothesis that circTLK1 acts as a ceRNA to facilitate CBX4-mediated proliferation and metastasis by absorbing miR-136-5p in RCC.

Conclusions {#Sec27}
===========

In conclusion, we identified the novel circRNA circTLK1 that plays an oncogenic role in RCC and is correlated with poor prognosis. Further experiments demonstrated that circTLK1 might sponge miR-136-5p to regulate circTLK1 expression, promoting the tumorigenesis and development of RCC. Our results revealed that circTLK1 might serve as a future prognostic marker and therapeutic target for RCC. The regulatory network involving the circTLK1/miR-136-5p/CBX4/VEGFA axis might provide new insight into the potential mechanism of the pathogenesis and development of RCC.
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**Additional file 1: Table S1.** The primer sequences included in this study. **Additional file 2: Figure S1.** Relative expression of six alternative circular RNAs in 60 pairs of RCC tissue samples. a-f Relative expression of circRNA_0003731, circRNA_0004442, circRNA_0004087, circRNA_0005239, circRNA_0003271 and circRNA_0005081 in 60 RCC tissues and matched adjacent normal tissues by a qRT-PCR assay. \**p* \< 0.05, \*\**p* \< 0.01. **Additional file 3: Figure S2.** The correlation between TLK1 expression and circTLK1 expression in RCC cells. a TLK1 in RCC cells was upregulated compared with that in HK2 cells. b and c The mRNA and protein expression of TLK1 were increased significantly in RCC cells transfected with a pcDNA-3.1 TLK1 vector. d Overexpression of TLK1 could not modulate circTLK1 expression in RCC cells. e and f The mRNA and protein expression of TLK1 were obviously decreased in RCC cells transfected with shRNAs targeting TLK1. g Knockdown of TLK1 could not modulate circTLK1 expression in RCC cells. \**p* \< 0.05, \*\**p* \< 0.01, no significant (NS). **Additional file 4: Figure S3.** TLK1 overexpression inhibits the proliferation of RCC cells. a and b The growth curves of RCC cells transfected with pcDNA3.1-TLK1 were measured by a CCK-8 assay. c and d The colony-formation abilities of RCC cells transfected with pcDNA3.1-TLK1 were measured by a colony-formation assay. e and f Overexpression of TLK1 did not change the migration capacity of RCC cells transfected with pcDNA3.1-TLK1. g and h Overexpression of TLK1 did not change the invasion capacity of RCC cells transfected with pcDNA3.1-TLK1. \**p* \< 0.05, \*\**p* \< 0.01, no significant (NS). **Additional file 5: Figure S4.** circTLK1 knockdown inhibits the EMT process of RCC cells. a-c Suppression of circTLK1 increased the expression of E-cadherin and inhibited the expression of N-cadherin and vimentin in RCC cells.
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